Introduction
Puget Sound is a fjord-type estuary in Washington State, USA. The average water depth of Puget Sound is $62 m, but depths approach $200 m in the Main Basin. It is connected to the Pacific Ocean by the Strait of Juan de Fuca, a turbulent passage $160 km long (Thomson, 1994) . The geography of Puget Sound is complex and includes three main branching basins and a shallower southern basin that contains numerous finger inlets. Puget Sound and its adjacent inland coastal waters have a long history with toxic blooms of Alexandrium spp. that can contaminate shellfish and cause paralytic shellfish poisoning (PSP) in humans (Quayle, 1969; Kao, 1993) . The first recorded cases of PSP occurred in 1793, when four people were sickened after eating mussels harvested from the central coast of British Columbia (Vancouver, 1798) . Since the 1950s, toxin levels in shellfish tissues have increased in frequency, magnitude, and geographic scope and shellfish harvesting closures are now a regular occurrence in almost all of Puget Sound's basins (Trainer et al., 2003) . Toxic blooms typically occur from July to November annually, but interannual variability is high (Moore et al., 2009) . The species of Alexandrium thought to be responsible for the production of these toxins in Puget Sound has historically been identified as Alexandrium catenella (Whedon & Kofoid) Balech. This is synonymous with Alexandrium tamarense Group I, a provisional species name proposed by Lilly et al. (2007) . However, the name Alexandrium fundyense has recently been proposed to replace all Group I strains of the A. tamarense species complex that includes A. catenella (John et al., 2014a (John et al., , 2014b . In light of the recent work by John et al. (2014a) and recognizing alternative recommendations by Wang et al. (2014) , we will refer here only to the genus name Alexandrium.
Factors regulating excystment of a toxic dinoflagellate in the genus Alexandrium were investigated in cysts from Puget Sound, Washington State, USA. Experiments were carried out in the laboratory using cysts collected from benthic seedbeds to determine if excystment is controlled by internal or environmental factors. The results suggest that the timing of germination is not tightly controlled by an endogenous clock, though there is a suggestion of a cyclical pattern. This was explored using cysts that had been stored under cold (4 8C), anoxic conditions in the dark and then incubated for 6 weeks at constant favorable environmental conditions. Excystment occurred during all months of the year, with variable excystment success ranging from 31-90%. When cysts were isolated directly from freshly collected sediments every month and incubated at the in situ bottom water temperature, a seasonal pattern in excystment was observed that was independent of temperature. This pattern may be consistent with secondary dormancy, an externally modulated pattern that prevents excystment during periods that are not favorable for sustained vegetative growth. However, observation over more annual cycles is required and the duration of the mandatory dormancy period of these cysts must be determined before the seasonality of germination can be fully characterized in Alexandrium from Puget Sound. Both temperature and light were found to be important environmental factors regulating excystment, with the highest rates of excystment observed for the warmest temperature treatment (20 8C) and in the light.
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The life history of Alexandrium includes a resting cyst stage (Dale, 1983; Anderson, 1998) . Cysts remain dormant on the seafloor when conditions are unsuitable for growth in the overlying waters (termed 'quiescence'; Pfiester and Anderson, 1987) . Both internal (endogenous) and environmental (exogenous) factors can induce excystment and provide the vegetative cell inoculum to initiate blooms. The first level of endogenous control is cyst maturation, which prevents newly formed cysts from germinating (e.g., Anderson and Morel, 1979) . Another type of endogenous regulation produces an annual oscillation in excystment potential for some Alexandrium under constant environmental conditions (Anderson and Keafer, 1987) . Cysts displaying this rhythm are said to possess an endogenous annual clock. The average period of the endogenous clock in resulting Alexandrium fundyense excystment in the Gulf of Maine is 11 months . A function fitted to this rhythm exhibits peak excystment from March through June (Anderson et al., 2005) . The presence of an endogenous clock is thought to be advantageous for cysts lying dormant at depth where seasonal variations in environmental conditions are small (i.e., cysts cannot tell when conditions at the surface are optimal for growth of the planktonic, vegetative cells). Anderson and Keafer (1987) point out that Alexandrium cysts from shallower systems in the same region did not appear to exhibit endogenous control, perhaps because they need to be more flexible due to the greater environmental variability in estuaries and small embayments. This latter response was termed 'secondary dormancy', a term from the vascular plant literature that describes how seeds alternately germinate or remain unresponsive in the quiescent state when exposed to the same environmental conditions (Vleeshouwers et al., 1995) . Tobin and Horner (2011) also suggest that Alexandrium from Puget Sound do not possess an endogenous clock that regulates excystment. Unlike the deep-water cyst seedbeds in the Gulf of Maine that are located at 150 m or deeper (Anderson et al., 2005) , seedbeds in Puget Sound appear to be located in relatively shallow embayments (i.e., <30 m deep; Horner et al., 2011) . These sediments experience considerable seasonal variation, so excystment may have some environmental regulation. However, as explained below, the method used by Tobin and Horner (2011) to determine 'germination success' may have masked the ability to detect the presence of an endogenous clock. This study revisits that question with improved methods.
The other mechanism that can produce an annual oscillation in excystment is secondary dormancy, as was suggested for two species of Alexandrium in Cork Harbor, Ireland (Rathaille and Raine, 2011) . In Alexandrium tamarense and Alexandrium minutum from Cork Harbor, secondary dormancy (or some other as yet undescribed process that produces a similar result) prevents cysts from germinating during periods when environmental conditions are actually favorable for excystment but not for sustained growth and survival or the production of offspring. The phenomenon was observed by isolating cysts directly from the environment (i.e., no long periods of cold storage) and germinating them at the same water temperature as the environment from which the cysts were collected. Even though the temperature of Cork Harbor is the same in spring as in fall, Alexandrium cysts freshly isolated from natural sediments germinated in the spring but not in the fall. These Alexandrium spp. typically bloom during the warm season in Cork Harbor; therefore, excystment in the fall would result in offspring entering the water column when conditions are becoming unfavorable for growth of the planktonic cells. Seasonal regulation of Alexandrium excystment described by Rathaille and Raine (2011) could not be explained by the length of the mandatory dormancy period ($2 months) or the presence of an endogenous clock. Furthermore, this seasonal rhythm produced by secondary dormancy is known to disappear with storage in constant cold conditions (Karssen, 1981) . Therefore, as noted by Rathaille and Raine (2011) , secondary dormancy would not be detectable during the course of a study to identify an endogenous clock because sediment is typically stored at a constant temperature of 4 8C for a period of $4-6 months before the experiments begin to allow for the completion of the mandatory dormancy period. Secondary dormancy may have important implications for blooms of Alexandrium in Puget Sound because it could produce a seasonal cycle in excystment that is quite similar to that produced by an endogenous clock, except that it is regulated by the external environment.
Of the environmental factors known to regulate Alexandrium excystment, temperature, light, and oxygen have been found to exert the greatest control (Anderson et al., , 2005 . For some species of Alexandrium, a temperature 'window' has been described whereby cysts will not germinate at the warm and cold extremes outside of a favorable range (Anderson, 1980 (Anderson, , 1998 . Within the temperature window and for temperatures most likely to be encountered by Alexandrium in the wild, rates of excystment are generally higher for the warmer temperatures examined and in the light (Anderson et al., , 2005 . Excystment will not occur under anoxic conditions .
In order to develop a predictive capacity for Alexandrium blooms in Puget Sound, a better understanding of the life history characteristics of local strains of Alexandrium is required; specifically, of the processes governing excystment and bloom initiation. Hence, the goals of this study were to investigate the nature of seasonal patterns of excystment for Alexandrium and the mechanisms responsible (i.e., endogenous clock, secondary dormancy, or a yet to be defined mechanism), and to evaluate the effects of temperature and light on the rates of Alexandrium excystment.
Methods

Study area
Sediment for this study was collected from two sites in Puget Sound; Quartermaster Harbor in the south (47822.78 0 N, 122828.01 0 W; 13 m depth) and Bellingham Bay in the north (48843.66 0 N, 122836.75 0 W; 9 m depth; Fig. 1 ). Quartermaster Harbor has a shallow inner bay with an average depth of 6 m that is connected to an outer bay with an average depth of 12 m. Quartermaster Harbor was first identified to be an important cyst bed in Puget Sound during a survey in 2005 when it was found to contain >12,000 cysts per cm 3 . Subsequent surveys from 2011-2013 detected an order of magnitude fewer cysts in Quartermaster Harbor , though the sediment sampling methods changed from subsampling a Soutar box core in 2005 to using a Craib corer from 2011-2013. Nevertheless, Quartermaster Harbor remains an important cyst bed in Puget Sound with the highest cyst abundances relative to other sites surveyed in any given year . Quartermaster Harbor was also the site of sediment collection for the Tobin and Horner (2011) study that concluded that Alexandrium in this region do not possess an endogenous clock. Bellingham Bay is characterized by shallow tidal flats at each end that gradually deepen to the central bay floor at $28 m. Bellingham Bay first emerged as an important cyst bed in Puget Sound during a survey in 2011, when it was found to contain up to 4199 cysts per cm 3 . This cyst bed was not detected during the earlier 2005 survey by Horner et al. (2011) , suggesting that it formed more recently. The sediments at both the Quartermaster Harbor and Bellingham Bay sites consisted of soft mud.
Endogenous clock
Sediment for the experiments to test for the presence of an endogenous clock was collected from Quartermaster Harbor during February 2012 from the R/V Clifford A. Barnes. The timing of the cruise was carefully chosen to occur after the formation of cysts the previous summer and fall and before cysts could germinate the following summer. Plankton samples were taken at the time of sediment collection by filtering 20 L seawater from the ship's seawater intake ($1 m depth) through a 20-mm sieve. No vegetative cells were observed in the concentrated samples, confirming that the local population of Alexandrium was encysted in the sediment. Sediment was collected using a hydraulically dampened Craib corer (Craib, 1965) which provides short, undisturbed sediment cores with a diameter of 6.2 cm. Upon retrieval of the core, the overlying water was aspirated and sieved through a 20-mm screen. The material retained on the screen was added back into the 0-1 cm layer of sediment from the core. Six cores were required to obtain enough sediment to conduct the experiment. The sediment and material in the overlying water that was retained on the 20-mm screen were mixed together in a resealable plastic bag and stored in the dark at 4 8C until transfer to the laboratory. Within two weeks from the time of collection, the sediment was unpacked from the re-sealable plastic bags in a cold (4 8C) dimly lit room under red light and thoroughly mixed to form a slurry. Aliquots of sediment were packed into 2-ml darkened glass vials with no head space and stored at 4 8C in anoxic conditions in a light-blocking gas-sampling bag flushed with nitrogen gas.
The experiment began in June 2012 (i.e., 4 months after sediment collection) and lasted 12 months. Every 2 weeks, a darkened glass vial was retrieved from storage and 30 Alexandrium cysts were isolated using the methods outlined in Matrai et al. (2005) . Sediment (1 cc) was transferred to a 50-ml polypropylene centrifuge tube (Falcon) and made up to 45 ml with 0.22 mm filtered seawater (FSW) from the Quartermaster Harbor location. The centrifuge tube was placed in an ice slurry and the sediment was sonicated for 1 min using a Branson 450 Sonifier at power output 3 on constant duty cycle. The sediment was then sieved through a 90-mm screen onto a 20-mm screen and rinsed clean with FSW. The material retained on the 20-mm screen was rinsed back into the 50-ml centrifuge tube, made up to 45 ml with FSW, placed in the ice slurry and sonicated again for 1 min using the same settings, and then sieved back onto the 20-mm screen and rinsed clean with FSW. The material on the 20-mm screen was transferred to a 15-ml polypropylene centrifuge tube (Falcon), brought up to a final volume of 10 ml, and allowed to settle for 1 h. When this step is conducted for Puget Sound sediment, cysts have been found to concentrate in the lighter flocculent material that settles at the sediment-water interface. Approximately 200 mL of this material was carefully transferred into a Sedgewick-Rafter counting chamber and dispersed evenly using 800 mL of FSW. The chamber was examined for cysts using a Zeiss Axiovert 135 inverted microscope. Cysts that visually appeared to be intact and 'healthy' (i.e., the presence of starch granules, particles in Brownian motion at cyst ends, and a well-defined orange-red accumulation body) were isolated into individual wells of a 96well plate containing 200 ml of nutrient-enriched natural FSW growth media (final concentrations of nutrients in the growth media are given in Table 1 ). Selecting for healthy cysts may limit the potential for presumably reduced excystment success in less healthy cysts to interfere with the ability to detect the presence of an endogenous clock from the patterns of excystment. Confirmation of the presence of a single cyst per well was made using the inverted microscope and photographs of each cyst were taken using the Motic Images Plus software with a Motic live camera (Moticam MP300). Plates were incubated at 14 8C on a 14:10 h light:dark cycle at a photosynthetic photon flux density (PPFD) of $70-90 mE m À2 s À1 measured with a 4p scalar irradiance meter (Biospherical Instruments). Germination checks were performed every 2 weeks for 6 weeks. Preliminary studies using Alexandrium cysts from several sites in Puget Sound, including Quartermaster Harbor, found the highest excystment success to occur at a temperature near 14 8C (Hoffer et al., 2005) , and this is also the same incubation temperature used by Tobin and Horner (2011) . The presence of vegetative Alexandrium cells in the well were a clear indicator that excystment had occurred. Either an ungerminated cyst or a vegetative cell was located in each of the wells during every check-for this study, vegetative cell/s were always located in wells containing empty cysts. The number of germinated cysts at the end of 6 weeks divided by the total number of cysts isolated (n = 30) were used to calculate excystment success on any given isolation date.
Secondary dormancy
Sediment used to test for secondary dormancy was collected fresh from Quartermaster Harbor at approximately monthly intervals between March 2012 and January 2013 from the R/V Clifford A. Barnes. Sediment was collected using the Craib corer with material >20 mm in the overlying water added back into the 0-1 cm layer and mixed together in a re-sealable plastic bag as above. The sediment was stored in the dark in a cooler with ice (4-10 8C) until it could be transported to the laboratory (<8 h), at which point it was transferred to an incubator set at the same temperature that was measured at the seafloor in Quartermaster Harbor that day. The next morning, sediment (1-2 cc) was processed as above for the endogenous clock experiment (i.e., sonicated and sieved to retain the 20-90 mm size fraction) and 50 cysts were isolated into individual wells of a 96-well plate containing 200 ml of nutrient-enriched natural FSW growth media.
Unlike the endogenous clock experiment where only cysts that looked 'healthy' were isolated, the first 50 cysts that were encountered while scanning the Sedgwick-Rafter chamber were isolated for the secondary dormancy experiment-provided that they were intact. The results obtained from this study may therefore be more representative of the cyst seedbed at that particular location and time. Confirmation of the presence of a single cyst per well was made and photographs taken as above. Plates were incubated at the same temperature that was measured at the seafloor in Quartermaster Harbor when the sediment was collected the previous day and on a 14:10 h light:dark cycle at a PPFD of $70-90 mE m À2 s À1 .
Germination was monitored 5, 14 and 28 days after isolation using the criteria described above for the endogenous clock experiment. Water temperature in Quartermaster Harbor was measured at the sediment collection site each month using a Sea-Bird Electronics conductivity-temperature-depth instrument.
Temperature and light effects
Sediment used to explore the effects of temperature and light on the rate of Alexandrium excystment was collected from Bellingham Bay in February 2012 from the R/V Clifford A. Barnes using the Craib corer. Sediment was collected using the Craib corer with material >20 mm in the overlying water added back into the 0-3 cm layer and mixed together in a re-sealable plastic bag as mentioned above. Sediment from six replicate cores were mixed together, packed into darkened glass vials with no head space, and stored in anoxic conditions in a light-blocking gas sampling bag flushed with nitrogen gas at 4 8C. Plankton samples were taken at the time of sediment collection as above and no vegetative cells were observed, confirming that the local population of Alexandrium were encysted in the sediment.
The experiment began in August 2012 (i.e., 6 months after the sediment was collected). All sediment manipulations were performed in a 4 8C cold room under dim red light following Anderson et al. (2005) . Sediment was removed from the glass vials and mixed with nutrient-enriched natural FSW growth media to form a sediment slurry. The sediment slurry was mixed with a ratio of 1 part sediment to 8 parts nutrient-enriched natural FSW to yield a total volume of 1.8 L. Keeping the sediment slurry well mixed to ensure an even distribution of cysts, 10-mL aliquots were dispensed into 250-ml polycarbonate flasks containing 50 mL of nutrient-enriched natural FSW and gently swirled. Flasks were incubated at 10, 12, 15, and 20 8C. These temperatures were chosen based on data that was available at the time describing seasonal temperature variations in Puget Sound (Moore et al., 2008) and the results of a preliminary study (Hoffer et al., 2005) . Flasks were exposed to a 14:10 h light:dark cycle with PPFD levels in the incubators ranging from 33-128 mE m À2 s À1 . Half of the experimental flasks for each temperature treatment were wrapped in multiple layers of aluminum foil to block the light. Flasks in each incubator were gently swirled and randomly rotated once a week to ensure all cysts received consistent exposure to light, as well as oxygenated medium. Two replicate flasks were harvested at 1, 3, 5, 7, 9, 14, 21, 42 , and 63 days from each temperature/light treatment (i.e., a total of 144 flasks: 9 harvest times Â 2 replicate flasks per harvest Â 4 temperature treatments Â 2 light treatments).
Ten 10-mL aliquots were processed at the beginning of the experiment to determine the initial cyst concentration. These 'time zero' measurements were interspersed throughout the flask preparation process to ensure that the sediment slurry remained well mixed with respect to the cyst concentration. Cysts were identified and enumerated using epifluorescence microscopy after staining with primulin according to Yamaguchi et al. (1995) . Briefly, the 10-mL aliquots of sediment were sonicated for 1 min using a Branson 450 Sonifier on power output 3 at constant duty cycle and sieved to retain the 20-90 mm size fraction. This size fraction was made up to 10 ml using filtered seawater and a 5-ml subsample was fixed with 5 ml of 1% glutaraldehyde and returned to 4 8C refrigeration for at least 30 min. The sediment was then centrifuged for 10 min, the supernatant removed, 10 ml of ethanol added and returned to 4 8C refrigeration for two days. The sample was centrifuged and the supernatant removed as before, 10 ml of distilled deionized water (ddH 2 O) as well as 1 ml of primulin stain (2 mg ml À1 ) added, and left in the dark at room temperature for 1 h. The sample was then rinsed twice by sequentially centrifuging and removing the supernatant as before using ddH 2 O and brought up to a final volume of 10 ml with ddH 2 O. After vortexing, 200 mL of sample was mixed with 800 mL of ddH 2 O, and the resulting 1000 mL pipetted into a gridded Sedgewick Rafter counting chamber. Stained cysts of Alexandrium were counted using a Zeiss Axiostar Plus upright microscope under blue light epiflourescence. A HBO50/AC mercury short arc bulb was used for the epifluorescence with a D360/40 excitation filter, a beam splitter/dichroic of 400 DCLP, and a GG420 colored glass emission filter.
The number of cysts counted at each time point was subtracted from the initial concentration of cysts at time zero and converted to percentages to compare excystment success. It is assumed that the difference in the number of cysts observed at the two time points is due to excystment (see Anderson and Rengefors, 2006 ). Excystment success at each time point is used to determine rates of excystment as a function of temperature and light for Puget Sound populations of Alexandrium.
Results
Endogenous clock
Excystment of Alexandrium from Puget Sound occurred during all months of the year, and nearly all of the cysts that germinated did so during the first 2 weeks following isolation (Fig. 2) . Only three cysts germinated 2-4 weeks following isolation and no cysts germinated 4-6 weeks following isolation. Excystment success (i.e., the proportion of isolated cysts that germinated) was variable from May to December, fluctuating between 31 and 90%, but perhaps revealing a generally declining trend over that interval. From December onward, germination success steadily increased through April (Fig. 2) from 30 to 80%. This steady and consistent increase in excystment success from winter into spring is consistent with an annual cyclical pattern that might be expected for cysts that possess an endogenous clock. However, the maximum and minimum values of excystment success observed were not as high or low as what has been observed in deep water Alexandrium cysts, reaching near 100 and 10%, respectively (Anderson and Keafer, 1987; Matrai et al., 2005) .
Secondary dormancy
Bottom water temperature at Quartermaster Harbor varied from 7-12.5 8C during the period from March 2012 to January 2013 (Fig. 3a) . The coolest and warmest temperatures were observed in March and August 2012, respectively. No observations were made in September 2012, although September is historically when the warmest water temperatures are observed in Quartermaster Harbor (King County, 2014) . When cysts of Alexandrium from Quartermaster Harbor were freshly collected and incubated at in situ bottom water temperatures at monthly intervals throughout the year, excystment success varied from 0-52% in a general, seasonal pattern (Fig. 3b ). Excystment success was 0% in March 2012 when the water temperature was the lowest observed (i.e., 7 8C). With the exception of June, excystment success increased from March to August 2012, coincident with warming bottom waters, and then decreased to 0% excystment success in October and November even though bottom water temperatures had only decreased slightly (i.e., 1-1.2 8C) from the maximum observed value. Excystment success increased again in December 2012 and January 2013 to 7 and 17%, respectively, even though bottom water temperature continued to decrease. The abundance of vegetative cells of Alexandrium in Quartermaster Harbor is shown in Fig. 3c . These data were collected from a dockside location nearby to the site of sediment collection at 2 week intervals and are provided courtesy of the SoundToxins program 1 . The timing of the bloom of Alexandrium follows the general pattern of excystment success, indicating that the results of the excystment experiments are ecologically relevant.
Temperature and light effects
The mean concentration of Alexandrium cysts in the ten 10-mL aliquots of sediment slurry that were processed at the beginning of the experiment was 1626 (AE191 standard deviation), so this was assumed to be the concentration in each flask at time zero. The number of cysts that remained in the flasks at each time point was subtracted from this value to calculate excystment success for each treatment. The numbers of cysts counted in the two replicate flasks for each treatment were generally in good agreement (not shown), with the highest ranges associated with flasks that had fewer cysts at the time of harvest. In general, excystment rates were higher for warmer temperature treatments and in the light (Fig. 4) . Nearly all of the treatments had exceeded 90% excystment potential by 14 days. Excystment approached 100% for all temperature and light treatments by 21 days.
The excystment rates for each of the temperature and light treatments are given in Table 2 . Following Anderson et al. (2005) , these rates are derived from the slope of a linear fit to the data using only those points prior to the attainment of $90% germination. The fitted lines are not forced through the origin to minimize the influence of any acclimatization associated with the cysts being transferred to the experimental conditions from cold, dark, anoxic storage. Excystment rates ranged from Fig. 2 . Excystment of Alexandrium from Quartermaster Harbor. Cysts (n = 30) were isolated from sediments stored in cold, dark, anoxic conditions at 2-week intervals from June 2012 until May 2013 and germinated in 96-well plates at 14 8C. The x-axis location of markers for excystment represents the day that the sediment was retrieved from cold storage for cyst isolation, and the value for excystment is the cumulative result from the three checks over the 6 weeks that plates were observed. Isolated cysts (n = 50) were germinated in 96-well plates at in situ water temperatures measured at the seafloor at the time of sediment collection. The x-axis location of markers for excystment represents the day that the sediment was collected, and the value for excystment is the cumulative result from the three checks over the 28 days that plates were observed. 12-29% d À1 in the light and 8-22% d À1 in the dark for temperatures ranging from 10-20 8C.
Discussion
The goal of this study was to investigate endogenous and environmental regulation of excystment in Alexandrium from Puget Sound. Combined with knowledge of the distribution and abundance of resting cysts Greengrove et al., 2014) , the excystment characteristics determined in this study can be used in future efforts to constrain a numerical modeling function to calculate the flux of newly germinated vegetative cells into the overlying water, as was done for the population dynamics model for Alexandrium in the Gulf of Maine (Anderson et al., 2005) . Determining excystment characteristics for Alexandrium in Puget Sound will facilitate the development of a similar early warning capacity for toxic blooms.
An endogenous annual clock tightly controls the time of year when deep water cysts of Alexandrium from the Gulf of Maine can germinate, with 0-25% excystment success during the minimum phases and 80-98% during the maximum phases of the oscillation (Anderson and Keafer, 1987; Matrai et al., 2005) . Such tight control was not observed in the shallow water cysts from Puget Sound in this study. More than 30% of cysts were capable of germinating at any time of year, and excystment success was variable (Fig. 2) . Nevertheless, a weak annual oscillation in excystment success was observed suggesting that an endogenous clock may exist in some Puget Sound cysts. Ideally, experiments to determine the presence of an endogenous annual clock in dinoflagellate cysts would span at least two oscillations; however, this experiment was terminated after 12 months, which is unfortunate since some signs of a cyclical pattern in excystment were evident (i.e., increase in excystment success from winter to spring, and possibly a decreasing success from spring to winter). Clearly, more data are needed to resolve the uncertainty.
The suggestion of an endogenous clock in some Puget Sound cysts is at odds with the conclusions of Tobin and Horner (2011) , who used different methods for investigating this phenomena. Tobin and Horner (2011) used a Van Veen grab to sample the sediments, which can result in loss of the surface layer of sediment upon retrieval. We used a Craib corer to obtain a relatively undisturbed sediment sample and allowing sediment from a known depth to be obtained for the experiment. This difference may have resulted in cysts from different depths in the sediment column being used in the studies. Further, the method used by Tobin and Horner (2011) to determine excystment success may have obscured the ability to detect an endogenous clock. Rather than isolating and tracking excystment of individual cells (i.e., one cyst per well of a 96-well plate; see Matrai et al., 2005) , the authors placed $20 mL of sediment into wells and defined germination success as the overall percentage of wells with vegetative cells observed. The sediment was found to have 1550-1750 cysts per cm 3 ; therefore, assuming that the sediment was well mixed, the average number of cysts deposited in each well was $31-35. Using this method, it is possible for 100% of wells to score as positive (i.e., 100% germination success) when only a very small percentage of cysts germinate. For example, a well could score as positive if a single cyst germinates, representing only $3% of the total number of cysts in the well. Furthermore, another factor that will impact the number of cells observed with this approach is the rate of division of the germling cell, which is temperature dependent. For cyst populations that have been found to possess an endogenous clock, up to 25% of cysts germinated during the minimum phases of the annual oscillation when excystment is inhibited (Anderson and Keafer, 1987; Matrai et al., 2005) . Because the proportion of cysts that germinate rarely falls to zero during the minimum phases of the endogenous clock and because many cysts were deposited in each well, the method used by Tobin and Horner (2011) cannot definitively rule out the possibility that Alexandrium from Puget Sound possess an endogenous clock. Anderson and Keafer (1987) suggest that the inflexibility of an endogenous clock that tightly controls the time of year when cysts can germinate may be disadvantageous for shallow water cysts. This is because cysts from shallow estuaries are exposed to large seasonal variations in environmental conditions, such as light and temperature. The ability to germinate rapidly in response to favorable environmental conditions may therefore be a more competitive strategy (Anderson and Keafer, 1987) . The absence of a strict endogenous clock in Alexandrium cysts from a shallow coastal estuary in Ireland is consistent with this theory (Rathaille and Raine, 2011) . In contrast, cysts in deeper ocean waters are far removed from the surface waters where the vegetative cells will grow. Without an internal clock to regulate germination timing, excystment might occur at times of the year when conditions in the surface waters are not favorable for vegetative growth. Water temperatures in Quartermaster Harbor are generally conducive to excystment at almost all times of the year; therefore, if Puget Sound Alexandrium do not possess an endogenous clock, cysts could potentially germinate at any time of the year if presented with appropriate environmental conditions-provided that the mandatory dormancy requirements of newly formed cysts have been fulfilled. This would challenge monitoring and prediction efforts since the bloom season could be significantly influenced by environmental variability. Likewise, modeling and forecasting would be difficult, as the observed seasonality of blooms would be difficult to reproduce if cyst germination occurred throughout the year.
When Alexandrium cysts were isolated directly from freshly collected sediments every month and incubated at in situ bottom Fig. 4 . Time course of Alexandrium excystment at 10, 12, 15, and 20 8C in the (a) light and (b) dark. Cysts were germinated in flasks using sediment collected from Bellingham Bay in February 2012. Percent excystment was determined by subtracting the number of cysts that remained in the flask (i.e., did not excyst) after 1, 3, 5, 7, 9, 14, 21, 42 , and 63 days from the concentration of cysts at time zero. Markers represent the mean value of duplicate flasks for each time point. water temperatures, a general seasonal pattern in excystment was observed. Maximum excystment coincided with the maximum water temperature in September (Fig. 3a) , but no excystment occurred during the 2 months that immediately followed (i.e., October and November) even though the next two warmest water temperatures were observed during those months (Fig. 3b ). This pattern of minimum excystment occurring when the water temperature is decreasing from its seasonal maximum is consistent with secondary dormancy, which prevents excystment during periods that are favorable for excystment but not for sustained vegetative growth (Rathaille and Raine, 2011) . However, this pattern may also be produced by a combination of a temperature window for excystment and the mandatory dormancy period of newly formed cysts (see Itakura and Yamaguchi, 2001) . In this case, the seasonal minimum values of excystment observed in October and November may have resulted from sampling newly formed cysts that had not yet completed their mandatory dormancy period. These sediment samples were collected at the end of the seasonal bloom (Fig. 3c) ; therefore it is likely that the immature cysts would have been unable to germinate during this time despite the favorable environmental conditions. Outside of the mandatory dormancy period, excystment may be more strongly regulated by in situ bottom water temperatures. The mandatory dormancy period is typically thought of as the time required for the cysts to 'mature' (Dale, 1977; Anderson, 1980) . Excystment cannot be induced during the mandatory dormancy period, even if cysts are presented with appropriate environmental conditions, and metabolic activity is low (Binder and Anderson, 1990) . The duration of the mandatory dormancy period varies and has been documented to last from <15 to 180 d among Alexandrium species (Anderson, 1980; Bravo and Anderson, 1994; Genovesi-Giunti et al., 2006; Joyce and Pitcher, 2006) . Temperature also affects the duration of the mandatory dormancy period of Alexandrium species (Anderson, 1980; Rathaille and Raine, 2011) . The mandatory dormancy period of Alexandrium in Puget Sound is unknown. During the course of this study, efforts to induce cyst formation using Puget Sound bloom water and collect newly formed cysts following the methods described in Anderson and Rengefors (2006) and Rathaille and Raine (2011) did not yield a sufficient number of cysts to conduct the necessary laboratory experiments. Until the duration of the mandatory dormancy period can be determined for Alexandrium in Puget Sound, it is not possible to determine whether excystment is cued to the environment through secondary dormancy or whether the seasonal pattern suggested in Fig. 3 is simply a product of the mandatory dormancy period followed by suppression of germination (e.g., no germination at unfavorable high or low temperatures; Anderson, 1998; Anderson and Rengefors, 2006) . The mandatory dormancy period and the permissive temperature window for Puget Sound Alexandrium need to be determined, as they are both important parameters that influence the timing of blooms.
Both temperature and light were found to be key environmental factors regulating excystment of Alexandrium in Puget Sound sediments. Excystment occurred at all of the experimental temperatures examined in this study (i.e., 10-20 8C) in both the light and dark, with the highest rates of excystment occurring at the warmest temperature treatment and in the light. The experimental temperatures were based on in situ water temperatures measured at the seafloor over a typical seasonal cycle from long-term monitoring throughout Puget Sound by the Washington State Department of Ecology (Moore et al., 2008) . Water temperatures in small and shallow bays are not captured by that department's monitoring program, and can sometimes fall below 10 8C at the seafloor in winter/early spring (i.e., $7 8C in Quartermaster Harbor; Fig. 3a ). Therefore, this experimental design did not determine whether excystment of Alexandrium in Puget Sound is inhibited by in situ water temperatures during the coldest months of the year. However, no excystment was observed at 7 8C in cysts isolated to explore secondary dormancy (Fig. 3b ), suggesting that the lower limit of the temperature window for excystment of Puget Sound Alexandrium is between 7-10 8C. The highest rates of excystment observed in this study occurred at the warmest water temperature examined (i.e., 20 8C). Therefore, excystment is not likely to be inhibited by present-day in situ water temperatures at the seafloor during the warmest months of the year. More work is required over a broader range of temperatures to determine a definitive temperature window for excystment of Alexandrium in Puget Sound and to constrain a function describing the flux of cells from the sediment.
Excystment rates were $1.5 times greater for cysts exposed to light compared to the dark treatment, similar to the findings of Anderson et al. (2005) for Gulf of Maine A. fundyense. This suggests that excystment may be facilitated by light in shallow seedbeds compared to deep seedbeds located below the photic zone. However, even for shallow seedbeds, rapid light attenuation within the sediment results in only a small proportion of cysts (i.e., those situated within the uppermost few millimeters of sediment) being exposed to light (Anderson et al., 2005) . Therefore, even though light is an important factor regulating excystment of Alexandrium spp., care must be taken using light to further constrain a function describing the flux of cells from the sediment. Other factors not considered in this study may further complicate any such function, such as rapid oxygen depletion within the sediment that may inhibit excystment Keafer et al., 1992) . Efforts to determine in situ rates of excystment for Alexandrium spp. may help to alleviate these uncertainties (e.g., Anglé s et al., 2012a, 2012b).
The excystment rates obtained from this study for Alexandrium are approximately an order of magnitude higher than those obtained by Anderson et al. (2005) for Alexandrium fundyense cysts from the western and eastern Gulf of Maine. These differences presumably reflect the warmer temperatures experienced in Puget Sound, resulting in the range of ecologically relevant temperature treatments used in this study being much higher (i.e., 10-20 8C) compared to Anderson et al. (2005; 2-15 8C) . However, even for the common temperature treatment of 15 8C used in both studies, excystment rates calculated in this study for Puget Sound Alexandrium are $3 times higher than Gulf of Maine Alexandrium. Based on the seasonal range of in situ water temperatures observed in Quartermaster Harbor at the seafloor in this study (Fig. 3a) , the our 10 8C treatment provides the most environmentally relevant rates of excystment. These rates are still 2-3 times than those observed for the closest temperature treatment of 8 8C in Anderson et al. (2005) . At 10 8C, Puget Sound Alexandrium can excyst at 12% d À1 in the light and at 8% d À1 in the dark (Table 2) . Excystment rates this high could result in all of the mature cysts in the surface sediments of a seed bed germinating in only a week or two, depleting the surface sediment later of cysts, and leading to very tight seasonality of blooms. This seems unrealistic given the observed extended bloom pattern in Quartermaster Harbor, consisting of a small spring bloom followed by larger recurrent summer and fall blooms (Fig. 3c ). It is more likely that excystment is slowed down or regulated by factors other than temperature. Seasonality in excystment via an endogenous clock or secondary dormancy would provide such regulation, but other physical mechanisms might also contribute such as cyst burial below the oxygenated surface sediment layer, and bioturbation or other sediment disturbance events that replenish the surface layer with cysts.
In conclusion, this study finds that germination of Alexandrium spp. cysts within Puget Sound is more dependent on environmental conditions, in contrast to those of the Gulf of Maine. For this reason, it is important to pursue a deeper understanding of the conditions that lead to excystment in order to predict blooms and prevent undue economic loss to shellfish growers in Puget Sound. It is imperative that future experiments address more specifically the microenvironments that the cysts are exposed to, including the frequency and extent of mixing of sediment on the ocean floor, along with the length of the mandatory dormancy period, and the maximum and minimum temperatures at which these cysts are viable.
